The peptidoglycan of Selenomonas ruminantium, a strictly anaerobic bacterium, contains cadaverine (Y. Kamio, Y. Itoh, Y. Terawaki, and T. Kusano, J. Bacteriol. 145:122-128, 1981). This report describes the chemical structure of the peptidoglycan of this bacterium. The ["4C]cadaverine-labeled peptidoglycan was degraded with the lytic enzymes prepared from Streptomyces albus G into three small fragments including a major fragment (band A compound). Band A compound was composed of L-alanine, D-glutamic acid, meso-diaminopimelic acid, D-alanine, and cadaverine in the molar ratio 0.98:1.0:1.0:0.98:0.97. Diaminopimelic acid, L-alanine, and cadaverine were N-terminal residues in band A compound. When the ['4C]cadaverine-labeled band A compound was subjected to partial acid hydrolysis, two peptide fragments were obtained. One of them consisted of diaminopimnelic acid and D-alanine; diaminopimelic acid was the N-terminal amino acid, and the other fragment was composed of L-alanine, D-glutamic acid, and cadaverine, of which L-alanine and cadaverine were N-terminal. These results led us to conclude that the primary peptide structure of band A compound is Lalanyl-D-glutamyl-meso-diaminopimelyl-D-alanine and that cadaverine links covalently to the D-glutamic acid residue.
Our previous study (6) revealed that cadaverine exists as a component of the peptidoglycan ofSelenomonas ruminantium subsp. lactilytica, a strictly anaerobic, gram-negative strain, and that one of the two amino groups of cadaverine links covalently to the peptidoglycan but the other is free. In addition, we found (6) that the peptidoglycan of this strain is composed of Lalanine, D-alanine, D-glutamic acid, meso-diaminopimelic acid (meso-DAP), cadaverine, muramic acid, and glucosamine in the molar ratio 1.0:1.0:1.0:1.1:0.9:1.0. These findings led us to study which component of the peptidoglycan cadaverine links covalently. We previously obtained (6) spot A compound, which contains muramic acid, glucosamine, alanine, glutamic acid, meso-DAP, and cadaverine, by digesting the peptidoglycan with lysozyme. However, the yield of the compound was too low to allow us to examine its chemical structure. Therefore, in the present study, we used lytic enzymes prepared from Streptomyces albus G to examine the primary structure of the peptidoglycan. The enzyme preparation contained glycosidase, Nacetylmuramyl-L-alanine amidase, and endopeptidase (K. Kato, personal communication). As a result, we succeeded in obtaining the peptide subunit containing cadaverine in high yield.
This report shows that cadaverine linked covalently to the D-glutamic acid residue of the peptidoglycan and further shows the chemical structure of the peptidoglycan of S. ruminantium.
MATERIALS AND METHODS
Bacterial strain. S. ruminantium subsp. lactilytica, described previously (6), was used.
Medium and culture conditions. S. ruminantium was grown in a yeast extract-glucose medium (7) supplemented with 0.01% sodium n-valerate at 370C under anaerobic conditions (7).
Preparation of ['4Clcadaverine-labeled cells.
The yeast extract-glucose medium (20 liters) containing n-valerate and [1,5-4C] cadaverine (50 PCi, 0.11 ,uM) was inoculated with 80 ml of an overnight culture of S. ruminantium and incubated at 370C for 4 h. The cells were collected and used for preparation of the peptidoglycan.
Preparation of peptidoglycan. The peptidoglycan was prepared by the procedure described previously (6).
Solvent systems. The following solvent systems were used for paper and cellulose thin-layer chromatography and for paper electrophoresis: system A contained n-butanol-acetic acid-water-pyridine (915:3:12: 10, by volume); system B contained phenol-water (250: 75, wt/wt) in an NH3 atmosphere; system C was an upper phase of n-butanol-acetic acid-water (4:1:5, by volume); and system D contained 0.1 M citric acid-49 NaOH buffer (pH 3.6).
Digestion of the peptidoglycan with enzymes from S. albus G. ['4C]cadaverine-labeled peptidoglycan (10 mg) was incubated at 370C with S. albus G enzymes (500,ug ofprotein), which contain glycosidase, N-acetylmuramyl-L-alanine amidase, and endopeptidase (kindly donated by K. Kato, Department of Microbiology and Oral Bacteriology, Osaka University), for 20 h. Digestion with the enzyme was done in 5 ml of 0.01 M sodium phosphate buffer (pH 8.0) containing 50 pl of toluene. The reaction mixture was examined by descending paper chromatography on Whatman 3MM paper at room temperature for 50 h with solvent system C. A major band (designated band A compound; Fig. 1 J. BACTERIOL.
and amino sugars in the acid hydrolysate was determined quantitatively by using a Hitachi 835 automatic amino acid analyzer or by paper chromatography according to the method of Primosigh et al. (8) , with alanine, glutamic acid, DAP, glucosamine, and muramic acid as the standards. Cadaverine was determined quantitatively by the method described previously (6) . Determination of the N-acetylglucosamine was carried out by paper chromatography with solvent system C. The optical configuration of alanine was determined according to the method described previously (6) .
Carboxyl-terminal amino acid was determined by hydrazinolysis as described by Yanai et al. (9) . One milligram of the peptidoglycan and 1.5 pmol of Lalanyl-L-alanyl-L-alanyl-L-alanine were hydrazinolyzed with 500 pl of freshly distilled anhydrous hydrazine in vacuum-sealed tubes at 1000C for 8 h. After almost all of the hydrazine was removed in vacuo in the presence of concentrated H2SO4, the preparations were dissolved in 1 ml of water and the remaining hydrazine was extracted with distilled benzaldehyde. After benzaldehyde was extracted with ethyl ether, the amount of each amino acid was determined by the ninhydrin reaction after 100 id of the solution was applied to paper chromatography, using solvent system C. The amount of C-terminal amino acid was corrected on the basis of the yield of tetraalanine.
N-terminal amino acids were determined by subtracting the amino acid contents of dinitrophenylated samples from those of intact samples. Dinitrophenylation was carried out by the method of Yanai et al. (9) .
Radioactivity was quantitated with a Packard 3255 liquid scintillation spectrometer with Bray scintillation fluid (2) (Fig. 1) . No radioactive band except at the origin was detected in the sample without enzyme treatment. Band A compound was eluted with distilled water from the paper and was purified by paper chromatography with solvent system A and by paper electrophoresis with solvent system D.
Chemical composition of band A compound. Band A compound was hydrolyzed in 6 N HCI and was subjected to automatic amino acid analysis and paper electrophoresis. Glutamic acid, alanine, DAP, and cadaverine, but not muramic acid or glucosamine, were found. These results clearly indicate that the L-alanine residue links covalently to -COOH of the lactyl group of N-acetylmuramic acid.
Quantitative analysis of amino acid and cadaverine in band A compound. Band A N-terminal components of band A compound. DAP and cadaverine were completely dinitrophenylated, and one-half of the alanine was dinitrophenylated (Table 2) . From these results and the elution profile on Sephadex G-15, it can be concluded that the compound in band A is a peptide monomer.
Partial acid hydrolysis of band A compound. Band A compound labeled with ['4C]-cadaverine was partially acid hydrolyzed, and the degradation products were separated by paper chromatography. Five ninhydrin-positive spots were obtained (Fig. 2) . Radioactivity was detected in spots II and III. No ninhydrin-positive and radioactive spot corresponding to glutamic acid was detected. The compounds corresponding to spots I, II, HI, IV, and V were eluted with distilled water from the paper on which the ninhydrin reagent was not sprayed. They were used for determination of the peptide sequence. Spots I and IV were identified as alanine and DAP, respectively, by cellulose thin-layer chromatography with solvent system B. Spot V was found to be intact band A compound which was not degraded.
Identification pound and was free of free alanine, glutamic acid, and cadaverine. Spot III migrated at the positions of alanine and DAP (data not shown).
(ii) Chemical composition of spots II and HI. Spot II and spot III compounds were hydrolyzed with 6 N HCl in sealed tubes at 110°C for 18 h, and the amino acids and cadaverine in the compounds were examined by paper chromatography. Spot II was composed of alanine, glutamic acid, and cadaverine (Fig. 3) It is known (3) that the a-carboxyl group of D-glutamic acid is amidated with NH3 in some Micrococcaeae, Lactobacillaceae, and Strep ococcaceae. In S. ruminantium, the a-carboxyl group of D-glutamic acid is substituted with cadaverine. We have not examined whether the a-carboxyl group of DAP which is not involved in the peptide linkage is amidated.
At present, our studies are focused on the process by which cadaverine links covalently to the a-carboxyl group of the D-glutamic acid residue in S. ruminantium. It is known that Dcycloserine inhibits peptidoglycan synthesis and causes the cells to accumulate the uridine nucleotide tripeptide (UDP-N-acetylmuramyl-Lalanyl-D-glutamyl-meso-DAP) in Bacillus cereus (4). We found that D-cycloserine inhibited cell growth in S. ruminantium and that the nucleotide tripeptide was accumulated in cells treated with the antibiotic. However, cadaverine was not found in the nucleotide peptide that accumulated. Moreover, cadaverine was not bound to UDP-N-acetylmuramyl-L-alanyl-Dglutamyl-meso-DAP, added as an exogenous substrate in the presence of ATP, by the cell extract of S. ruminantium in vitro (data not shown). Therefore, it is possible to speculate that cadaverine links to the glutamic acid residue of "lipid intermediate" or cross-linked peptidoglycan.
